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ABSTRACT 
Eight metal-ions doped TiO2 (M-TiO2) were successfully synthesized by a ultrasonic method, including Fe3+, 
Co2+, Ce3+, Cr3+, Mn2+, Mg2+, Ni2+ and Ag+ ions. The unique ultrasonic environment makes the method 
distinctive to conventional sol-gel and hydrothermal procedures. The properties of synthesized M-TiO2 
particles were characterized by X-ray diffraction analysis, BET surface area analysis, UV-visible diffuse 
reflectance spectra and visible light activity tests. Photocatalytic Performances of the M-TiO2 particles were 
measured with magnesium-ions doped TiO2 (Mg-TiO2) showing the highest efficiency under whole solar 
light irradiation. Relative importance of characterized properties on photocatalytic efficiency of M-TiO2 was 
investigated with the result of particle surface area as the dominant one; the higher the particle surface area, 
the better photocatalytic performance. Finally, the synthetic procedure of Mg-TiO2 was further optimized for 
higher photocatalytic efficiency with the parameters of 1% of Mg doping level, 0.5 g of dispersing agent 






B. Chemical synthesis 
D. Catalytic properties 
D. Crystal structure 
1. Introduction 
Titania (TiO2) has been extensively studied during last decades for their applications in degrading various 
pollutants (e.g. NOx, SO2, hazard organic compounds) [1] and highlighted by good photocatalytic 
performance, non-toxicity, low cost and high resistance to photo-corrosion [2, 3]. However, the intrinsic 
large band-gap (3.0-3.2 eV) width of TiO2 decides that photocatalysis is merely active under UV light 
irradiation [4-6], which means only a small fraction (< 5%) of full solar light spectrum can be utilized by 
TiO2. Therefore, it is highly desirable to develop novel TiO2 catalysts with satisfactory photocatalytic 
performance within whole solar light range, especially when applied to outdoors. 
Metal-ions doped TiO2 (M-TiO2) has potential to enhance the photocatalytic efficiency of TiO2 under solar 
light irradiation. In principle, the metal dopants can narrow the band-gap width and thus extend 
photoactivity of TiO2 to visible light range to utilize more solar energy [5-7]. For example, some papers 
reported that doping Fe3+ or Cu2+ ions into TiO2 by sol-gel method improved the resultant photocatalytic 
performance of TiO2 [6, 8]. However, the M-TiO2 catalysts with the same dopants prepared by solution 
combustion method showed much weaker photocatalytic performance than undoped TiO2 [9]. These 
conflicting results indicate that narrow band-gap width caused by metal dopants is not the only factor 
affecting photocatalytic performance. Other factors such as crystalline structure, particle surface area, and 
property of doping metal ions should also be considered to clarify their effects on photocatalytic capability 
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of M-TiO2. Although effects of each property have been studied in many previous publications [10-12], their 
relative importance to the photocatalytic performance of M-TiO2 is not clear and needs to be investigated. 
Recently, ultrasonic technique has been used to prepare various inorganic metal oxide materials through 
the formation and collapse of quantities of acoustic cavitation bubbles in reaction solutions [13], including 
ZnO [14], Fe3O4 [15], Er2O3 [16], MgO [17], CaO [18], and TiO2 [19]. Ultrasonic cavitation can produce 
transient (in the order of nanoseconds) micro “hot spots” that can reach temperatures of about 5000 oC, 
pressures above 1000 atms and heating and cooling rates above 1010 K/s [20]. It provides a strong driving 
force to uniform the distribution of all dissolved metal ions, destroy aggregated clusters, and maximize 
effective surface of synthesized specimens in the solutions, which make ultrasonic method suitable to 
prepare TiO2 catalysts of high performance [19]. In the current work, eight M-TiO2 catalysts were 
synthesized by ultrasonic method, including Fe3+, Co2+, Ce3+, Cr3+, Mn2+, Mg2+, Ni2+ and Ag+ ions. 
Photocatalytic tests of M-TiO2 were conducted by degrading methylene blue (MB) under visible light 
irradiation and rhodamine B (RhB) under solar light irradiation. The relative importance of various 
properties (e.g., doping ions radius, crystalline structure and particle surface) was also evaluated on the 
photocatalytic efficiencies of synthesized M-TiO2. Finally, synthetic parameters of ultrasonic method were 
further optimized to improve the photocatalytic efficiency of selected M-TiO2. This is the first time that such 
a method was used to synthesize M-TiO2 catalysts. The unique “hot spot” reaction of ultrasonic method 






Titanium tetra-isopropoxide (TTIP) was purchased from Aldrich. Iron nitrate nonahydrate 
(Fe(NO3)3.9H2O), magnesium sulfate heptahydrate (MgSO4.7H2O), manganese sulfate monohydrate 
(MnSO4.H2O), cerium nitrate hexahydrate (Ce(NO3)3.6H2O), silver nitrate (AgNO3) and two organic dyes 
(RhB and MB) were purchased from Merck. Nickel nitrate (Ni(NO3)2.6H2O), chromium nitrate nonahydrate 
(Cr(NO3)3.9H2O), cobalt nitrate nonahydrate (Co(NO3)2.6H2O) and surfactant P123 (poly(propylene 
oxide)-block-poly(ethylene oxide)-block-poly(propylene oxide)) were purchased from Sinopharm. All 
chemicals and regents were of analytical grade and used as received. 
2.2. Ultrasonic Synthesis of M-TiO2 Catalysts 
The typical ultrasonic synthetic process of M-TiO2 catalysts was carried out as follows. Certain amount 
of metal ions of interest and 0.5 g of surfactant P123 were dissolved into 100 ml of Milli-Q water under 
vigorous stirring as solution A. Eight metal ions Fe3+, Co2+, Ce3+, Cr3+, Mn2+, Mg2+, Ni2+ and Ag+ were 
individually added as doping ions. Then 25 ml of TTIP was added dropwise into the solution A under 
magnetic stirring to form solution B. The solution B was then treated with ultrasonic waves in a Cole Parmer 
8891 ultrasonic bath (100W, 42kHz, USA) for 90 minutes, followed by aging at room temperature for 24 
hours. The final solution was centrifuged, and the precipitates were dried at 80 oC in an oven and calcined at 
500 oC for 1 hour to obtain the M-TiO2 catalysts.  
2.3. Characterization techniques 
The crystal structure analysis of synthesized catalysts was carried out using a Shimadzu XRD-6000 X-ray 
diffractometer (Japan) with CuKα radiation. Crystal grain size is determined according to the Scherrer 
equation:  
            (1) 
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Where D is the crystal grain size; K is the dimensionless constant= 0.94; θ is the half value of Bragg 
diffraction peak (2θ); λ is the wavelength of the X-ray wave equal to 1.54056 Å; β1/2 is the full width at 
half-maximum of the diffraction peak. TiO2 has three different crystal phase structures: anatase, rutile, and 
brookite. Bragg diffraction peaks of interest are at 25.5o for anatase (101), 27.6o for rutile (110), and 30.8o 

























     (4) 
Where CA, CR and CB are defined as the phase contents of anatase, rutile and brookite, respectively; IA, IR, 
and IB are the integrated intensities of anatase (101), rutile (110) and brookite (121) peaks. 
Particle surface area (SBET) of catalysts was measured using a Quantachrome Nova 4200e automatic 
analyzer (USA). All catalyst samples were degassed at 453 K before the actual measurements. UV-visible 
diffuse reflectance spectra (DRS) of synthesized catalysts were obtained on a Shimadzu UV-Vis-NIR 
UV-3600 spectrophotometer (Japan) equipped with a diffuse reflectance accessory and barium sulfate was 
used as the reference standard. 
2.4. Photocatalytic Activity Evaluation 
A Newport 69920 solar simulator (USA) was used as the light source, and a cylindrical Pyrex vessel 
surrounded by a cooling water jacket was used as the photoreactor. Full range of solar light irradiation 
(including both UV and visible light) was used to evaluate the photocatalytic performance of synthesized 
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M-TiO2 catalysts by degrading RhB. RhB is a commonly used dye and often selected as model pollutant for 
benchmarking the photocatalytic performance [22]. To evaluate the visible-light activity of M-TiO2, a 
UV-cutoff (<400 nm) long pass filter was used to remove UV portion of solar light spectrum. Although RhB 
was used to evaluate visible-light activity of TiO2 in many published papers [23], Bottcher [24] reported that 
RhB may undergo an unexpected photo-destruction caused by electron transfer from RhB to TiO2 under 
visible light irradiation. Therefore, visible-light activity of M-TiO2 was evaluated based on degradation of 
another organic dye MB because the lowest unoccupied molecular orbital (LUMO) position of MB molecule 
is much lower than the conduction band of TiO2. This prevents undesirable photo-destruction of excited MB 
molecules by visible light, allowing objective evaluation of photocatalytic activity under visible light [24].  
The typical process to measure the photocatalytic activity is conducted as follows. The synthesized 
catalysts (20 mg) were suspended in 80 ml of RhB (or MB for visible-light activity tests) aqueous solution 
(10 mg/L). The suspension was magnetically stirred in the dark for 1 hour to establish the 
absorption-desorption equilibrium. The suspension was then exposed to the light irradiation with 
continuously stirring. Cool water is applied to flow through the photoreactor jacket to carry away any heat 
generated by the irradiation. An aliquot of 5 ml of sample solution was withdrawn from the suspension at 
given time intervals and centrifuged to precipitate any catalyst particles. The supernatants were analyzed 
using a Shimadzu mini-1240 UV-visible spectrophotometer (Japan) at λ = 554 nm or λ = 662 nm, 
corresponding to the maximum characteristic absorption wavelengths of RhB and MB, respectively. 
3. Results and discussion 
3.1. X-ray diffraction patterns of undoped TiO2 and M-TiO2 
Crystalline structure is considered one of important properties influencing photocatalytic performance of 
TiO2. Generally, TiO2 particles with smaller crystalline size exhibit higher photocatalytic efficiency due to 
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quantum confinement effects [11]. There are also many reports stating that two-phase structure is beneficial 
for high photocatalytic efficiency [25]. A representative example of this view is commercial Degussa P25 
TiO2, which consists of 76% anatase and 24% rutile phases [26]. In the current work, crystalline structures of 
undoped TiO2 and eight M-TiO2 were investigated as showed in Fig. 1 with corresponding crystalline sizes 
and phase contents summarized in Table 1. For all the M-TiO2 samples, no obvious XRD peaks corresponded 
to doping metal oxides, indicating that metal dopants led to negligible phase segregation and would greatly 
weaken the photocatalytic efficiency of TiO2. 
X-ray diffraction pattern of undoped TiO2 comprised a two-phase structure of anatase (JCPDS No 21-1272) 
and brookite (JCPDS No 29-1360) with anatase as dominant one (89.2%). Mn-TiO2 and Ce-TiO2 showed 
similar anatase-brookite structures like undoped TiO2, but their crystalline sizes were much larger than that of 
undoped TiO2. Co-TiO2 and Fe-TiO2 showed another kind of two-phase structure of anatase and rutile 
(JCPDS No 21-1276) with anatase as dominant one (94.5% for Co-TiO2 and 91.9% for Fe-TiO2).  
Interestingly, The anatase size of Fe-TiO2 (11.4 nm) was much smaller than that of Co-TiO2 (21.1 nm) and 
also smaller than that of the undoped TiO2 (12.7 nm). Ag-TiO2 was 100% pure anatase with relatively large 
size (17.9 nm). By contrast, Mg-TiO2, Ni-TiO2 and Cr-TiO2 showed coexistence of anatase, rutile and 
brookite phases with anatase as dominant one. Particularly, Mg-TiO2 showed the smallest anatase size of 10.2 
nm. From the XRD results, photoactive anatase phase was dominant for all the M-TiO2 samples, which was 
beneficial for high photocatalytic efficiency.   
3.2. BET surface area analysis of undoped TiO2 and M-TiO2 
Particle surface areas of the undoped TiO2 and eight M-TiO2 were determined by using nitrogen adsorption 
and desorption and calculated via BET method with the results showed in Table 1. The surface area of the 
undoped TiO2 was 82.47 m2 g-1, merely larger than that of Co-TiO2 (79.31 m2 g-1) and Ag-TiO2 (67.39 m2 g-1). 
The Mg-TiO2 showed the largest particle surface area, 146.28 m2 g-1, compared to other samples. 
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3.3. Diffuse reflectance spectra and visible-light activity of undoped TiO2 and M-TiO2 
Fig. 2 showed DRS spectra of the undoped TiO2 and eight M-TiO2. The undoped TiO2 was characterized 
with a sharp absorption edge at about 400 nm indicating a band-gap of ~3.1 eV [27]. The Mg-TiO2 also 
exhibited an absorption edge at about 400 nm, indicating that both the undoped TiO2 and Mg-TiO2 had weak 
visible-light absorption capabilities. The other seven M-TiO2 samples, however, showed extended absorption 
spectra into visible-light range due to reduction of band-gap through doping metal ions into TiO2. Among 
them, the Mn-TiO2, Ce-TiO2 and Fe-TiO2 had relatively small absorption range between 400-600 nm, whereas 
the Ag-TiO2, Ni-TiO2, Co-TiO2 and Cr-TiO2 exhibited substantial and broad absorption shoulders up to 800 
nm.  
Fig. 3 delineated the degradation activity of the undoped TiO2 and eight M-TiO2 under visible-light 
irradiation. Among all the samples, Ce-TiO2 had the highest degradation efficiency; the efficiencies of the 
undoped TiO2 and Mg-TiO2 were low since the undoped TiO2 and Mg-TiO2 had little adsorption in 
visible-light range (400-780 nm). Visible-light activities of the M-TiO2 depended not only on visible-light 
absorption abilities (Fig. 2), but also on other factors, such as crystalline structure and surface area. For 
instance, visible-light absorption ability of the Ce-TiO2 was lower than that of the Co-TiO2, but higher surface 
area rendered the Ce-TiO2 more reactive sites and higher visible-light activity. 
3.4. Photocatalytic performance of various M-TiO2 under solar light irradiation 
Fig.4 showed the photocatalytic performance of the undoped TiO2 and eight M-TiO2 catalysts under solar 
light irradiation. After 60 min’s irradiation, the undoped TiO2 showed an RhB degradation efficiency of 
74.8%. Almost all the M-TiO2 had positive impacts on improving photocatalytic efficiency when optimized 
with appropriate doping concentrations except for the Ag-TiO2. The highest degradation efficiency of the 
Ag-TiO2 was achieved by 1% silver doping (71.1%), which was still lower than that of the undoped TiO2. The 
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optimal doping concentrations of the Mg-TiO2 and Ni-TiO2 were 1%, whereas the Co-TiO2, Mn-TiO2, 
Fe-TiO2, Cr-TiO2 and Ce-TiO2 were 3%. Above the optimal concentrations, decrease of efficiency was 
observed for all the M-TiO2 catalysts due to internal energy dissipation within doping metal ions. Degradation 
capabilities of the optimal M-TiO2 and undoped TiO2 were summarized in Fig. 5 by showing RhB degradation 
percentage after 60 min’s irradiation. The sequence was as follows: Mg-TiO2 (87.4%) > Ce-TiO2 (84.8%) > 
Cr-TiO2 (84.2%) > Fe-TiO2 (83.6%) > Mn-TiO2 (79.5%) > Ni-TiO2 (79.3%) > undoped TiO2 (74.8%) > 
Ag-TiO2 (71.1%) > Co-TiO2 (77.4%). 
3.5. Relative importance of various properties on photocatalytic performance of M-TiO2 
To investigate the relative importance of various properties, Fig. 6 summarized their effects on 
photocatalytic performance of M-TiO2 under solar light irradiation. Curves corresponding to primary Y-axis 
indicated the variation of properties (e.g. doping ions radius, crystalline size, phase content and particle 
surface area) caused by different doping metal ions. Curves corresponding to secondary Y-axis indicated the 
photocatalytic efficiency of M-TiO2 after 60 min’s irradiation under solar light. In Fig. 6a, there was no 
correlation found between doping ions radii [28] and photocatalytic efficiency of M-TiO2 due to unrelated 
variations of two corresponding curves. Similarly, both crystalline sizes and phase contents of M-TiO2 
exhibited little correlations with their photocatalytic performances as shown in Fig. 6b and 6c. However, Fig. 
6d showed a close correlation between particle surface area and photocatalytic performance; the larger the 
particle surface area, the higher the photocatalytic performance of corresponding M-TiO2. This was 
expected because higher surface area of M-TiO2 particles could provide more active sites for photocatalytic 
oxidation [29, 30]. For example, Mg-TiO2 showed the highest particle surface area and thus the highest 
photocatalytic efficiency under solar light irradiation although its visible-light activity is very weak. In 
conclusion, although the effects of other properties of M-TiO2 cannot be ignored and have been verified by 
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many previous studies [10-12], the particle surface area play a dominant role in improving the photocatalytic 
performance when the M-TiO2 was synthesized by ultrasonic method.  
3.6. Optimization of synthetic parameters for the Mg-TiO2 
Since the Mg-TiO2 showed higher photocatalytic efficiency than the other M-TiO2 and undoped TiO2, 
further investigation against the Mg-TiO2 was needed to optimize more synthetic parameters. Fig. 7 showed 
the effect of surfactant P123, which acted as a dispersing agent to prevent synthesized particles from 
agglomeration [31]. The increase in the amount of surfactant P123 improved the photocatalytic performance 
of Mg-TiO2. This was expected due to the auxiliary effect of P123 to prevent particles from aggregation by 
its absorption on the surface of particles. However, high dosage of surfactant P123 beyond 0.5 g had little 
effect on photocatalytic efficiency of the Mg-TiO2.  
Fig. 8 showed the effect of ultrasonic duration. The Mg-TiO2 synthesized with longer ultrasonic time 
showed higher photocatalytic efficiency. This was expected since ultrasonic waves could form quantities of 
acoustic cavitation bubbles in reaction solution, resulting in large surface area and uniform dispersion of 
doping metal ions [13]. However, longer ultrasonic time (e.g., 120 min and 150 min in Fig. 8) had little effect 
on photocatalytic efficiency of Mg-TiO2. 
Fig. 9 showed the effect of calcination temperature. The highest photocatalytic efficiency of the Mg-TiO2 
yielded at a calcination temperature of 500 oC. The increase in the calcination temperature decreased 
degradation efficiency from 87.4% to 65.6% (at 750 oC) due to particles agglomeration and crystalline 
over-growth of Mg-TiO2 under higher temperature [9]. On the other hand, calcination temperatures lower than 
500 oC (e.g., 400 oC) weakened the photocatalytic performance of the Mg-TiO2 due to low crystallinity and 




Eight M-TiO2 catalysts with optimal doping concentrations were successfully synthesized using an 
ultrasonic method. Among them, the Mg-TiO2 shows the highest photocatalytic efficiency under solar light 
irradiation. Effects of particle surface area, crystalline structure and doping ions radius on photocatalytic 
efficiency of the M-TiO2 were investigated. The results show that particle surface area appears to be the most 
important property in improving the photocatalytic efficiencies for M-TiO2 catalysts. The study indicates that 
particle surface area should be firstly considered to prepare high performance photocatalysts. Finally, 
photocatalytic efficiency of the Mg-TiO2 was further optimized when it was synthesized with 1% of Mg 
doping level, 0.5 g of surfactant P123, 90 min of ultrasonic duration and 500 oC of calcination temperature. 
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 Cystalline sizes, phase contents and particle surface areas of undoped TiO2 and eight M-TiO2 catalysts. 
Samples 
Crystal size (nm) 
 
Phase content (%) BET surface area  
(m2 g-1) anatase rutile brookite anatase rutile brookite 
Undoped TiO2 12.7 0 7.9  89.2 0 10.8 82.47 
Mn-TiO2 15.9 0 11.7  76.9 0 23.1 92.38 
Ce-TiO2 18.1 0 16.5  78.2 0 21.8 119.72 
Co-TiO2 21.1 14 0  94.5 5.5 0 79.31 
Fe-TiO2 11.4 14.9 0  91.9 8.1 0 123.86 
Ag-TiO2 17.9 0 0  100 0 0 67.39 
Mg-TiO2 10.2 12.9 8  85.9 9.2 4.9 146.28 
Ni-TiO2 12.6 16.8 11.9  73 6.9 20.1 95.57 
Cr-TiO2 13.6 15.5 15.8  78.8 8.6 12.6 129.52 




Fig. 1. X-ray diffraction patterns of undoped TiO2 and eighit M-TiO2 catalysts. All samples were doped with 
3% of metal ions except for 1% Mg, 1% Ni and 1% Ag doping. 
Fig. 2. Diffuse reflectance spectra of undoped TiO2 and M-TiO2 catalysts synthesized by ultrasonic method. 
All samples were doped with 3% of metal ions except for 1% Mg, 1% Ni and 1% Ag doping. 
Fig. 3. Visible-light activity of undoped TiO2 and M-TiO2 catalysts by degrading MB under visible light 
irradiation. All samples were doped with 3% of metal ions except for 1% Mg, 1% Ni and 1% Ag doping. 
Fig. 4. Photocatalytic degradation of RhB by undoped TiO2 and eight M-TiO2 under solar light irradiation. 
Fig. 5. Comparison of RhB degradation efficiency by the undoped TiO2 and M-TiO2 under solar light 
irradiation. All samples were doped with 3% of metal ions except for 1% Mg, 1% Ni and 1% Ag doping. 
Fig. 6. Relative importance of various properties on photocatalytic efficiency of the M-TiO2 under solar 
light irradiation: (a) doping ion radius, (b) anatase size, (c) anatase content, and (d) particle surface area. All 
the M-TiO2 samples were doped with 3% of metal ions except for 1% Mg, 1% Ni and 1% Ag doping. 
Fig. 7. Effects of surfactant P123 on RhB degradation by 1% Mg-TiO2 under solar light irradiation. 
Fig. 8. Effects of ultrasonic duration on degrading RhB by 1% Mg-TiO2 under solar light irradiation. 
Fig. 9. Effect of calcination temperature on degrading RhB by 1% Mg-TiO2 under solar light irradiation. 
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